Biomotors have previously been classified into two categories: linear and rotational motors. It has long been popularly believed that viral DNA packaging motors are rotation motors. We have recently found that the DNA-packaging motor of bacteriophage phi29 uses a third mechanism: revolution without rotation. phi29 motor consists of three-coaxial rings of hexameric RNA, a hexameric ATPase, and a dodecameric channel. The motor uses six ATP to revolve one helical turn of dsDNA around the hexameric ring of ATPase gp16. Each dodecameric segment tilts at a 308-angle and runs anti-parallel to the dsDNA helix to facilitate translation in one direction. The negatively charged phosphate backbone interacts with four positively charged lysine rings, resulting in four steps of transition. This review will discuss how the novel pRNA meets motor requirements for translocation concerning structure, stoichiometry, and thermostability; how pRNA studies have led to the generation of the concept of RNA nanotechnology; and how pRNA is fabricated into nanoparticles to deliver siRNA, miRNA, and ribozymes to cancer and virus-infected cells.
Introduction
The AAA+ family of proteins is a class of motors with a wide range of functions including chromosome segregation, nucleic acid replication, DNA repair, genome recombination, viral DNA packaging, and translocation of cellular components. Many of these motors display hexameric arrangements that facilitate DNA motion triggered by ATP [1] [2] [3] . It has been popularly believed for some time that the AAA+ motor of viral DNA packaging motors use a fivefold/sixfold mismatch rotation mechanism. In 1987, an RNA component was discovered on the packaging motor of bacteriophage phi29 [4] and subsequently, in 1998, this RNA particle was determined to exist as a hexameric ring [5 ,6] (featured in Cell [7] ). On the basis of its hexameric structure, we proposed that the mechanism of the phi29 viral DNA packaging motor is similar to that used by other hexameric DNA tracking motors of the AAA+ family [5 ] . Recently, X-ray diffraction, AFM imaging, and single molecule studies have confirmed that the motor consists of three-coaxial rings geared by a hexameric RNA, a hexameric ATPase gp16, and a dodecameric motor channel that only allows dsDNA to move unidirectionally [8,9,10 ,11-13,14 ,15 ] . Concurrently, it has been discovered that the motor utilizes a simple, yet novel revolution mechanism to translocate dsDNA, rather than the perceived rotational mechanism lending to undesirable coiling forces [14 ,15 ] . This review will discuss how the pRNA molecule meets the requirements of the motor concerning structure, stoichiometry, thermo-stability, and stiffness in an innovative way; and how studies on the novelty of pRNA have led to the generation of the concept of RNA nanotechnology.
Current understanding of the mechanism of phi29 DNA-packaging motor
The phi29 nanomotor consists of an ATPase gp16, a hexameric pRNA ring [4] , and a dodecameric connector with a central channel encircled by 12 copies of the protein gp10 that serves as a path for dsDNA translocation (Figure 4a, b) . This motor is of particular interest in nanotechnology because it is simple and robust in structure, and is functional when assembled from purified components in vitro. The ATPase gp16 converts energy from either entropy transition(s) or ATP hydrolysis into physical motion [16] . It has been found that when the concentration of gp16 is increased, the hexameric band in a native PAGE increases linearly while the concentrations of the smaller oligomers remain constant (Figure 1e ). These results suggest that the formation sequence of the gp16 complex begins with a dimer, converts to a tetramer, and then to a hexamer, and the final complex contains three dimers as the ultimate stage in assembly [15 ] . The formation of an active hexamer of gp16 during DNA packaging has been further confirmed by wellestablished binomial distribution assay and by a protein:DNA molar ratio binding assay using both slab and capillary electrophoresis (CE) (Figure 1d and f). Hill constant quantification (Figure 2 , Part 1b) and binomial distribution assay (Figure 2 , Part 1a) have revealed a novel revolving machine that acts to translocate the dsDNA helix, and avoids the difficulties of DNA supercoiling resulting from rotation [14] . For reference, the definition of 'revolution' and 'rotation' are analogous to the motion of the Earth: the Earth revolves around the sun every 365 days, while the Earth rotates along its own axis to face the sun resulting in cycles of day and night.
The connector on the motor is a one way valve [17 ,18,19 ] that only allows dsDNA to move into the procapsid, but not out (Figure 4a ). The gp16, which is bridged by pRNA to associate with the connector, is the pushing force. The binding of ATP to one subunit of the connector stimulates gp16 to favorably change its entropy and adapt a conformation with a high affinity for dsDNA, while ATP hydrolysis forces gp16 to assume a new conformation with a lower affinity for dsDNA. This pushes dsDNA away from a subunit, transfers it to an adjacent subunit, and prepares ATPase for the second round of ATP binding. One ATP is hydrolyzed in each transitional step, and six ATPs are consumed in one cycle to translocate dsDNA a complete helical turn of 3608 (10.5 base pairs). The binding of gp16 to the same phosphate backbone chain, but at a location 608 different from the last subunit, urges dsDNA to move forward 1.75 base pairs ((10.5 bp/turn)/6 ATP = 1.75 bp/ ATP), agreeing with 1.8 bp/ATP that has previously been quantified empirically (see http://nanobio.uky.edu/ movie.html for our animation) (Figure 4c, d .) [14 ,15 ].
Since the contact of the connector with the dsDNA chain is transferred from one point on the phosphate backbone to another point, rotation of neither the hexameric ring nor the dsDNA is required. All 12 subunits of the connector protein tilt at a 308 angle to form the channel in a configuration that runs anti-parallel to the dsDNA helix. This occurrence tends to argue against the nut and bolt mechanism. Instead, this anti-parallel structural arrangement greatly facilitates controlled motion and suggests that dsDNA revolves through the connector channel without producing a coiling or torsion force, touching each of the 12 connector subunits in 12 discrete steps of 308 per helical pitch (3608/12 = 308). Nature has created and evolved a clever rotating machine to translocate the DNA double helix that actually avoids the difficulties Crystal structure analysis of the phi29 connector [8] has revealed that the prevailingly negatively charged connector interior channel wall is decorated with 48 positively charged lysine residues that exist as four rings derived from the 12 protein subunits that enclose the channel. The four lysine rings (K200, K209, K234, and K235) have been proposed to play a role in DNA translocation [8] . On the basis of the crystal structure, the length of the connector channel is $7 nm. Vertically, these four lysine layers fall within a 3.7 nm [8] range and are spaced approximately 0.9 nm apart [19 ] . Since B-type dsDNA have a pitch of 0.34 nm/bp, $2.6 bp per rise along its axis can be used in translocation (0.9 nm/ 0.34 nm/bp = $2.6 bp) (Figure 4e ), agreeing with the aforementioned finding by an optical tweezer measurement that the motor pauses every 2.5 bp during translocation [20] . However, the previous discussion that the four pauses are due to the interaction of the negatively charged phosphate backbone with the four positively charged lysine rings has been interpreted as resulting from the inactivation of one pentameric motor subunit [20] .
Current understanding of the structure and folding of pRNA as a hexameric ring RNA has defined features at the nanometer scale that can serve as powerful building blocks for in the bottom-up Step 4 
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Single molecule TIRF reveals hexameric pRNA on phi29 DNA packaging motor. Dual-labeled fluorescent pRNA dimer with green (cy3) and red (cy5) (a) was co-localized on a single motor revealed by TIRF microscope (b) and analyzed by a histogram (c). Photobleaching assays exhibited 3 discrete steps for each fluorophore wavelength green (cy3) and red (cy5) (d).
Adapted from [15 ] for Part I and [35 fabrication of nanostructures. RNA, a cousin of DNA, has recently emerged as an important nanotechnology platform due to its diversity in both structure and function [21] , and can be fabricated with a level of simplicity similar to that of DNA, but possess more versatile tertiary structures and catalytic functions that mimic proteins [22] [23] [24] . RNA has also been proven to be unique by virtue of its high thermodynamic stability [25, 26] ; formation of both canonical and noncanonical base pairs [27] [28] [29] ; capability of base stacking [25, 26] ; and distinct in vivo attributes in the processes of controlled transcription, splicing, processing, self cleavage, and modification [5 ,6,30-33] . The remarkable modularity of RNA tertiary motifs can be encoded for specifying complex 3-D architectures such as helices, loops, bulges, stems, hairpins, and pseudoknots at the individual nucleotide level. Single-strand loops are especially suitable for intermolecular and intramolecular interactions as mounting dovetails for self-assembly.
pRNA is 117 nucleotides (nt) that fold into a complex structure consisting of two major domains: a helical domain with an open 5 0 /3 0 end and an interlocking domain for function and stability. In the center, a thermostable three way junction (3WJ) motif [34 ,35 ] extends to the branching of the helical domain, as well as to two looped regions deemed the right-hand and left-hand loops (Figure 3b) . The loops allow for intermolecular interactions between pRNA monomeric units and the creation of dimeric, tetrameric, and even hexameric rings [68] . pRNA [4, 10 ,36] has been found to serve as a foothold for (Figure 3c ) [12] , AFM imaging [13,14 ,15 ], and X-ray crystallography (Zhang H, Endrizzi JA, Shu Y, Haque F, Guo P, Chi YI: Crystal structure of 3WJ core revealing divalent ion-promoted thermostability and assembly of the Phi29 hexameric motor pRNA. RNA 2013, submitted for publication).
Current understanding of pRNA chemical and thermodynamic stability in vitro and in vivo
The unique features uncovered from the studies of phi29 pRNA include: first, the independent folding of two domains: the gp16 interaction domain [37] and the motor binding domain [40] [41] [42] [43] [44] [45] ; second, the ease of manipulation and production in the lab without degradation, as observed in most RNA constructs; and third, the capacity to harbor and escort therapeutic functional modules without mis-folding or a loss of functionalities [34 , [46] [47] [48] [49] [50] 51 ]. It has a long half-life in vivo and can serve as a useful platform for the construction of RNA nanoparticles [34 ] . These special properties of phi29 pRNA have led to the development of pRNA as a novel vehicle for applications in nanotechnology and medicine.
The pRNA 3WJ displays an unusual thermodynamic stability necessary for RNA to gear the strong packaging motor [34 ,35 ] . The core displays a very low DG that drives the folding of the entire pRNA and produces its global structure; the rest of the sequence follows the nearest neighbor folding principle. The pRNA 3WJ core scaffold can be assembled from three pieces of RNA, is stable in serum, remains intact at ultra low concentrations, and is even resistant to denaturation in 8 M urea; its T m curve is close to 908. More importantly, various functionalities incorporated into the 3WJ core, such as siRNA, ribozyme, or receptor-binding aptamer, have resulted in the formation of polyvalent particles displaying all the authentic functionalities in vitro and in vivo, and folding into their authentic structures RNA nanoparticles can be systemically delivered to the body where they will exist in low concentrations due to dilution by circulating blood. Only those RNA particles that do not dissociate at low concentrations are feasible for therapeutic purposes. In order to determine whether a larger structure with three branches harboring multimodule functionalities can be subjected to dissociation at low concentrations, [a-32 P] labeled pRNA nanoparticles have been serially diluted to extremely low concentrations. It has been found that the concentration that induces dissociation is below the detection limit of the [ 32 P]-labeling technology, suggesting that the resulting RNA nanoparticles are extremely stable. The particles are resistant to dissociation under extreme denaturing conditions, such as 6-9 M urea and 2 0 -F U/C modified RNA nanoparticles extending from the 3WJ are resistant to degradation in cell culture medium with a 10% serum, even after 36 hours of incubation, while unmodified RNA degrades within 10 min. Individual RNA modules fused into nanoparticles retain their original folding after incorporation into RNA nanoparticles; 2 0 -F U/C modified fluorescent 3WJ-pRNA nanoparticles with folate conjugated onto one of the branches of the RNA complex have been tested for cell binding efficiency. Confocal imaging indicates a strong binding of RNA nanoparticles and an efficient entry into targeted cells. The gene silencing effects of the resulting RNA nanoparticles have also been tested. The gene silencing potency has been found to comparable to the survivin siRNA-only positive control when tested by transfection.
Two of the key factors that may affect pharmacokinetic (PK) profiles are the stability of the particle itself and renal filtration. It has been reported that regular siRNA molecules have extremely poor PK properties because of a short half-life (T 1/2 ) and a fast kidney clearance due to metabolic instability and size (<10 nm) [52] . The half-life (T 1/2 ) of pRNA nanoparticles is 6.5-12.6 hours, compared to the control 2 0 F-modified free siRNA where T 1/ 2 = 15 min, as reported in the literature [53] [54] [55] .
Construction of ultra stable tri-Star and X-shape RNA nanoparticles harboring multiple functionalities for cancer targeting without accumulation in normal organs
The phi29 pRNA 3WJ motif is composed of three RNA fragments, denoted as a 3wj , b 3wj , and c 3wj. Multi-module RNA nanoparticles can be constructed using this 3WJ-pRNA domain as a scaffold (Figure 5a ) and to build other nanoparticles with multiple branches. Each branch can carry one RNA module with defined functionality, such as a cell receptor-binding ligand, an aptamer, an siRNA, a ribozyme, or an miRNA. The presence of the modules or therapeutic moieties does not interfere with the formation of the 3WJ domain, as demonstrated by AFM imaging (Figure 5a, b) . If each strand with special functionality or structure were added to the 3 0 -end of each RNA fragment, the strong affinity of the three or four fragment will self-assemble and drive the fragments to form RNA nanoparticles with all functionalities included.
It has also been found that gene silencing effects are progressively enhanced as the number of siRNA in each nanoparticle is gradually increased from one to four [35 ] . Mechanisms of phi29 DNA packaging motor using the revolution without rotation or coiling. (a) Structure of the phi29 DNA packaging motor, showing the four lysine rings -K200 (red), K209 (green), N231 (blue), with N246 (yellow) [8, 9] scattered inside the inner wall of the connector [19 ] . One-twelfth of the inner diameter of helical dsDNA translates to a 308 angle, (b). Contact at every 308 transition lends to the translocation of one helical turn of dsDNA through the connector [14 ,19 ] . (c, d) Schematic of the mechanism of sequential revolution in translocating genomic dsDNA [14 ,19 ] . The binding of ATP to one gp16 subunit stimulates it to adapt to a conformation with a higher affinity for dsDNA. ATP hydrolysis forces gp16 to assume a new conformation with a lower affinity for dsDNA, thus pushing dsDNA away from the subunit and transferring it to an adjacent subunit. DsDNA moves forward 1.75 base pairs when gp16 binds at a location 608 different from the last subunit on the same phosphate backbone chain. Rotation of the hexameric ring or the dsDNA is not required since the dsDNA chain is transferred from one point on the phosphate backbone to another. In each transitional step, one ATP is hydrolyzed, Hexameric phi29 therapeutic pRNA Schwartz and Guo 587 ( Figure 4 Legend Continued ) and in one cycle, six ATPs are required to translocate dsDNA one helical turn of 3608 (10.5 base pairs). Please see attached website http://nanobio.uky.edu/movie.html for animations. (e) A planar view of DNA revolving through 308 tilted connector subunits facilitated by antiparallel helices between dsDNA helix and connector protein subunits [14 ] . DNA is advanced along the circular wall of the connector channel with no torsion or coiling force. (f) Elucidation of four-step transition and pause for the packaging of one helical patch of 10.5 bp of dsDNA [19 ] . Two rounds of DNA revolution across 12 connector subunits. In the first round, a 21-bp DNA helix shown in blue (10.5 bp) and green (10.5 bp) colors revolves through each subunit, making electrostatic interaction by its negatively charged phosphate group with positively charged amino group of lysine residues (shown in red spheres in each subunits). The interaction of DNA and lysine is shown in black spheres. During the movement, a dsDNA strand passes all four lysine layers. The first round ends (blue strand inside the channel) upon DNA makes 3608 rotation equivalent to 10.5 bp and moves up to one DNA pitch $3.4 nm (subunit #12). This follows by the second round of rotation. In the same manner, the same DNA strand colored by green moves through four lysine layers until whole helical turn is achieved. The phosphate backbone of the dsDNA contacted the same layer of the lysine for every three subunits (12 subunits/4 layers = 3 subunits/layer), and shifts to the next layer then revolve through three subunits. The polyvalent X-shape RNA nanoparticles with four siRNA display the gene salience effect as efficient as its siRNA counterpart, with a 100-fold higher concentration [35 ] . Systemic injection of tri-star or X-shaped RNA nanoparticles without folate or other cell receptors into the tail-vein of mice has revealed that RNA nanoparticles remain intact and strongly bind to tumors without accumulating in normal organs or tissues.
Advantages of RNA nanotechnology for in vivo applications
Since the development of the emerging field of RNA nanotechnology, the area has received much attention from scientists around the world due to its high potential, especially in therapeutics, and wide variety of functions. RNA nanotechnology provides several advantages over competing technologies and fields. Positive aspects of using RNA nanotechnology for therapeutic delivery include: first, self-assembly and self-processing in vivo; second, controlled synthesis and a defined structure and stoichiometry; third, multi-valency (combined therapy, targeting, and detection); fourth, targeted delivery and detection; fifth, advantageous size (10-100 nm); sixth, allowance for receptor-mediated endocytosis; seventh, extended in vivo half-life; eighth, disallowance of nonspecific cell entry; nineth, avoidance of antibody induction (protein-free nanoparticle); tenth, allowance of repeated treatment of chronic diseases; eleventh, and the fact that RNA nanoparticles are treated as chemical drugs, rather than biological entities. The classification will facilitate FDA approval.In addition, the utilization of RNA nanotechnology in medical or nanotechnological applications requires addressing the following issues: first, chemical instability; second, thermodynamic instability; third, short in vivo half-life; fourth, toxicity, in vivo safety, and side effects; fifth, specific delivery and targeting problems; sixth, endosome trapping; seventh, and low yield with high production costs. The issues concerning 1-4 have been more or less solved, as discussed in this review and in another recent review [56 ] . Although the issue of delivery has shown great progress through the application of the polyvalent property of phi29 or other RNA nanoparticles, additional targets are still desired in order to improve the specificity of targeting. The cost of RNA production has been reduced substantially, but further improvement is still needed. Endosome trapping, though, remains a major challenge. These issues have also been addressed in the recent review [56 ] and readers are encouraged to refer to this article for more details.
Prospective in RNA nanotechnology
Phi29 pRNA-derived nanotechnology is just one facet of the rapidly emerging field of RNA nanotechnology and therapeutics. New methods are emerging for the construction of RNA nanoparticles, such as in vivo assembly of RNA arrays [57] ; nanostructures made of bacterial noncoding RNA [58] ; RNA triangle assembly guided by proteins [59] ; construction of RNA squares [60, 61] and hexamers [5 ,23] (Shu Y, Haque F, Shu D, Li W, Zhu Z, Kotb M, Lyubchenko Y, Guo P: Fabrication of 14 different RNA nanoparticles for specific tumor targeting without accumulation in normal organs. RNA 2012, submitted for publication); assembly of multiple RNA aptamers to enhance receptor binding efficiency [62] ; building block fabrication utilizing RNA junctions; construction of tecto-RNA; and the application of HIV kissing loops [63] [64] [65] [66] . Despite the fact that great strides have been made in the design and application of RNA nanoparticles, RNA nanotechnology as a field is still in its infancy. The application of RNA nanotechnology necessitates the collective work of an RNA nanotechnology community and an interdisciplinary approach. The finding that RNA nanoparticles can specifically target to cancer for the delivery of siRNA, miRNA, and ribozymes without accumulation in liver, lung and other normal organs [34 ,35 ,67] and without toxicity [67] makes RNA nanoparticles ideal reagents for cancer treatment.
